Studies of the chemistry of the urban atmosphere provide special challenges which arise from the high density of emissions, strong concentration gradients and relatively high pollutant concentrations. In contrast to the regional and global atmosphere, local dispersion processes play a much larger role in determining atmospheric concentrations and also have a substantial effect on chemical transformations. On the other hand, residence times in the urban atmosphere are relatively short, hence limiting the range of chemical reaction processes which are significant. Some key species such as the hydroxyl radical have different predominant source processes in the urban and the regional atmosphere. A case is made that the differences are so large that urban atmospheric chemistry needs to be given special treatment and cannot simply be considered as subtlely different from regional and global atmosphere studies.
INTRODUCTION
By far the main emphasis of research in past decades in atmospheric chemistry has been on the global and regional atmosphere. Much the same is true of research in meteorology and atmospheric physics which has centred mainly on issues of global climate and regional weather. Such research is extremely important if we are to understand fully the working of atmosphere and predict the impacts of anthropogenic perturbations upon the future composition and climate of our planet's atmosphere. However, it ignores the fact that a large percentage of global population live in cities and that cities present a very special case as far as atmospheric composition and physics are concerned. Current chemistry-transport models applied to the mesoscale do not have sufficient resolution to describe adequately urban processes, or if nested to very high spatial resolution do not have suitable input data to reflect spatial gradients in concentation reliably. Although physical models of the urban atmosphere have been developed, they are often limited by the sparcity of the observations which are needed to develop their parameterisations and validate their outputs.
Meteorological networks typically avoid measurements within urban areas despite (or perhaps because of) the greater complexity of meteorological phenomena within built-up areas compared to the open countryside. Measurements of composition are typically limited to the classical air pollutants (sulphur dioxide, oxides of nitrogen, carbon monoxide, ozone and particulate matter) and are typically made with a very low spatial density. Consequently, scientific advances requiring observations have generally depended upon deployment of specialist instrumentation during short campaigns. Research programmes such as REPARTEE (London), 1 MEGAPOLI 2 (Paris), ClearfLo (London) 3 and CalNex 4 have been required in order to gain enhanced understanding of urban atmospheric chemistry. There have also been a few high density urban meteorological networks developed such as the Birmingham Urban Climate Laboratory. 5 Such activities are, however, typically expensive to maintain and have often continued only for a relatively short time.
WHAT DISTINGUISHES URBAN AREAS FROM REGIONAL PROCESSES? Figure 1 illustrates schematically the distribution of trafficgenerated pollution across a city. The main features characterising air pollution phenomena in urban areas which distinguish them from regional processes include the following:
• High levels of primary emissions. Historically these were domestic emissions, and in some less developed countries, these remain a major source. Nowadays, the high volumes of road traffic within urban areas often dominate the urban air pollution climate.
• Strong concentrations gradients. Because of the localisation of sources such as emissions from major highways and the presence of suburban areas of relatively lower emissions and urban parkland, there are typically much stronger gradients in concentrations within urban areas than in the surrounding rural locations. Such gradients exist both in the horizontal and vertical dimensions.
• Importance of mixing processes. Because of the strong concentration gradients, pollutant concentrations determined by fast chemical reactions are often heavily influenced by the rate of atmospheric mixing processes which can vary very substantially according to wind speed and atmospheric stability.
• Typically higher aerosol surface area. Concentrations of particulate matter are typically elevated within urban areas hence providing a larger surface area available for heterogeneous chemical processes.
• Urban surfaces and heat island. Urban mixing processes are influenced by greater surface roughness caused by the presence of buildings. The urban heat island effect can lead to enhanced and temporally extended convection, and to deeper mixed layers than over typical rural surfaces.
• Dominance of rapid chemical processes. Timescales for chemical reactions are typically much shorter within the urban atmosphere in comparison to the much longer residence times of pollutants in the regional atmosphere. As illustrated by Table 1 , at typical wind speeds, residence times of pollutants in the urban atmosphere are only a few hours at most, limiting the extent to which many chemical reactions can proceed. This is exemplified by Table 2 which shows lifetimes of a range of compounds with respect to reaction with the key oxidant, the hydroxyl radical. It should be recognised that data in Tables 1 and 2 is solely illustrative and that under stagnant conditions residence times could be very much greater than those in Table 1 , and that some chemical reactions such as that between nitric oxide and ozone are much faster than those shown in Table 2 .
Figures 1 and 2 (deriving conceptually from ref.
6
) 6 exemplify the elevation in pollutant concentrations which is typically found within cities. Roadside concentrations of traffic-generated pollutants typically well exceed those in the urban background which in turn exceeds concentrations measured in surrounding rural areas. However, as shown in Fig. 1 , the traffic increment on concentrations is highly non-uniform and can cause substantial local elevations in some locations. Table 3 exemplifies the strong gradients observed for many pollutants between the urban roadside and both the urban background and local rural environment. This is most notable for oxides of nitrogen, particle number and black carbon, all of which have a strong road traffic source.
Dry deposition processes can also have an influence upon urban concentrations and their spatial distributions. Typical lifetimes associated with dry deposition of particles are illustrated in Table 4 . However, for aerosols, it is only for the relatively large particles and shallow mixing depths that lifetimes are sufficiently short to create substantial spatial gradients.
As noted above, roadside pollutant concentrations are strongly elevated and urban street canyons provide an environment of more concentrated pollutants with typical timescales estimated in Table 5 as between 3.8 and 14 minutes dependent upon aspect ratio, giving sufficient time only for the more rapid chemical reactions to have a significant effect. Photolysis rates of pollutants 
CHEMICAL REACTION PROCESSES IN THE URBAN ATMOSPHERE
For many years, the drivers of hydroxyl radical formation in the urban atmosphere were assumed to be the same as that in the rural atmosphere where formation is predominantly through the photolysis of ozone and reaction of the resultant singlet atomic oxygen with water vapour (see Box 1). However, the experimental measurements of Dwayne Heard and colleagues using the FAGE technique in the urban atmosphere of Birmingham, UK (Fig. 3) , showed that winter concentrations of hydroxyl were about 50% of summer concentrations whereas scaling based upon ozone photolysis predicts concentrations only around 5% of summer concentrations. 8, 9 This led to a realisation that other sources of hydroxyl are more important in the urban polluted atmosphere and these include photolysis of nitrous acid and formaldehyde as well as the decomposition of the Criegee biradical intermediate formed from ozone-alkene reactions 10 (see Box 1). Such processes are typically included in Chemistry-Transport Models (e.g., the RADM2 scheme 11 used in the WRF-Chem model), but depend critically upon reliable predictions of HONO and HCHO concentrations. The former are influenced by heterogeneous chemical processes on ground surfaces 12 which are not included in the model. Both fine-scale and coarse-scale resolution models perform poorly in prediction of ozone and PM 10 concentrations, 13, 14 with fine scale models not clearly exhibiting superior skill to coarse grid models.
14 While many daytime oxidation processes are dominated by the hydroxyl radical, its concentrations at night typically fall to rather low levels while the nitrate radical which is destroyed by photolysis can build up to higher concentrations during nighttime hours. Box 2 shows how nitrate radical is formed from the reaction of nitrogen dioxide with ozone and is likely to take place in elevated layers of the atmosphere as nitrogen dioxide emitted or formed close to the surface mixes with ozone-rich air from aloft to form the nitrate radical 15 which will not readily form close to ground-level because of its reaction with nitric oxide which is a direct emission from road traffic. Box 2 shows the chemical reactions involved as well as citing some predicted and measured concentrations of the nitrate radical. These processes can ultimately lead to the formation of nitric acid vapour which participates in the formation of nitrate aerosol. Since there are major urban sources of nitrogen dioxide and also of ammonia from waste water systems and road traffic, 16 it is anticipated that nitrate concentrations in the urban atmosphere most probably exceed those in surrounding rural areas, but data is currently rather sparse. Dall'Osto et al. 17 used single particle mass spectrometry to demonstrate in near real time the semi-volatility of ammonium nitrate whose concentrations increased at nighttime as temperatures fall and relative humidity increases while subsequently evaporating during the higher temperature and lower humidity conditions of daytime. 
CONSEQUENCES OF URBAN ATMOSPHERIC PROPERTIES The points raised above lead to a number of conclusions:
It matters critically where you measure (in the horizontal and the vertical). Unlike the rural atmosphere, which is typically rather well mixed, the strong spatial gradients in the urban atmosphere can lead to substantial differences in concentrations over small distance scales. It is important to establish the range over which any individual measurement point is representative of the locality. Measurements on the BT Tower in London during the ClearfLo campaign 3 defined the typical mixing depths in London and showed how they differed substantially from those in surrounding rural areas, and measurements in the REPARTEE campaigns on the BT Tower in London showed the crucial effect of mixing depth on particle number size distributions. 1 In a well mixed boundary layer, traffic-generated nucleation mode particles were measured on the Tower, but at smaller mixing depths, only Aitken and accumulation mode particles deriving mainly from regional transport were seen.
It matters when you measure-effects of diurnal variation of sources and atmospheric stability. There are marked diurnal variations in both traffic volumes, wind speed and atmospheric stability which lead to a characteristic diurnal variation of concentrations of traffic-generated pollutants in the urban atmosphere. This typically shows a major peak associated with the morning rush hour and a longer-lived peak in the evening associated with both increased traffic volumes, reduced wind speeds and an increasingly stable atmosphere. Mixing depths are typically substantially greater during daytime than nighttime and consequently sampling air aloft on a tower, the air sampled will probably be from within the surface mixed layer during daytime, but from advected regional air separated by an inversion from the surface layer at night.
Concentrations of reactive pollutants may be determined by either mixing or chemistry, or both. The mixing of ozone-rich urban air from aloft with polluted air from lower levels can have profound influences through dilution of the nitrogen oxides emitted by traffic at ground level and depletion of ozone by chemical reaction with nitric oxide. Consequently, such processes tend to determine the vertical gradients and ground-level concentrations of both oxides of nitrogen and ozone. An inadequate description of such processes probably explains how coarse grid models in particular fail to predict urban ozone concentrations well. 14 As noted above, formation of the nitrate radical is likely to occur in elevated layers since it requires the co-existence of nitrogen dioxide and ozone in order for the correct chemistry to take place. Nitrous acid (HONO) is a pollutant which is emitted from road traffic but is also photolysed in the atmosphere on a timescale of minutes. 18 Consequently, the distribution of concentrations can reflect both the traffic emissions of HONO and creation from other sources as well as the photolytic loss.
Some more reactive species may be important in urban areas but have decayed before reaching the rural atmosphere. The lifetime of some species in the atmosphere is typically only seconds or minutes and consequently such species are likely to be destroyed by chemical reaction or photolysis before advecting far from an urban source. Nitrous acid is an example of a pollutant with urban sources which is readily photolysed and consequently strong urban-to-rural gradients in its concentration are observed. Nitric oxide is the major part of oxides of nitrogen emissions from road traffic and typically comprises a substantial percentage of the NO x in the urban atmosphere. However, due to dilution and oxidation by ozone, rural oxides of nitrogen are typically dominated by nitrogen dioxide with only modest amounts of nitric oxide forming through photolysis of NO 2 .
Work in London has demonstrated the semi-volatility of nucleation mode particles from road traffic 15, 19 which comprise mainly semi-volatile organic compounds deriving from unburned diesel fuel and lubricating oil. 20 Such particles are liable to shrink by evaporation as they advect into cleaner air within the urban environment and are largely absent from particle size distributions measured at surrounding rural sites. Measurements in Barcelona have provided evidence for the contribution of particles formed by regional nucleation processes 21, 22 and there appear to be contributions both from advection of particles formed outside of the city as well as a separate population of particles which form within the Barcelona atmosphere. 22 It is notable that the abundance of nucleation mode particles caused by regional nucleation processes is spatially variable within Barcelona, with formation being suppressed at roadside sites by the substantial condensation sink provided by the road traffic-generated aerosol. 22 Reliable knowledge of that condensation sink is a key factor in prediction of sulphuric acid vapour concentrations, and the rate of formation of new particles by nucleation. 23 Reliable emissions inventories are essential. Errors in source emissions inventories relating to the spatial and temporal distribution of emissions (as opposed to systematic under-or over-estimation of emissions) cause greater problems in fine resolution urban models than in coarse resolution models where there is a possibility for them to be smoothed out by the greater spatial averaging. Incorrect spatial allocation of emissions can lead to substantial errors in prediction of local concentrations within urban areas where sources can vary over small distances.
Simply increasing the spatial resolution of chemistry-transport models is not sufficient to give better predictions. While it might be argued that increasing the grid resolution of rural models alone might lead to better prediction of urban processes, this will not be effective for a number of reasons. Firstly, the heat fluxes, turbulence and mixing depths differ in urban areas from those of the surrounding rural area and need to be reflected adequately in the model. Even then, if the grid resolution is very high, emissions data are unlikely to be of sufficient resolution to match the model grid, and hence concentration gradients due to inhomogeneous sources will not be well described. Not only atmospheric mixing, but also chemical processes are affected by land surface types, and a downscaled rural model will not reflect this. Also, simply increasing the grid resolution will not allow inclusion of street canyon processes which delay the mixing of pollutants into the wider atmosphere and allow a greater degree of processing at elevated concentrations. Consequently, there is a need for custom-built chemistry-transport models, carefully designed to simulate the urban atmosphere, rather than downscaling of large domain models by increased grid resolution. This needs to be accompanied by higher resolution physical and chemical measurements, so as to maximise the value of such models.
CONCLUSIONS
Conventional knowledge of global and regional atmospheric chemistry is not sufficient to predict the behaviour of pollutants in the urban atmosphere. As model resolution is progressively improving, large domain models will increasingly be able to better resolve the urban atmosphere but will need to reflect the differing pollution climate and physical properties of the urban atmosphere in order to make reliable predictions. There is a pressing need for reliable estimates of pollutant concentrations and spatial distributions for use in epidemiological studies, but the widespread use of land-use regression modelling techniques 24 in preference to Chemistry-Transport Models (CTMs) may be a reflection of the poor predictive capability of CTMs in urban areas, which in part reflects weaknesses in their dynamics and chemistry schemes. There is a need to tackle this problem by building new models incorporating specifically urban forms and processes, as opposed to continual downscaling of coarse resolution rural models.
While there remains a substantial overlap between processes occurring in large scale atmospheric processes and those on the smaller urban scale, the differences are sufficient to justify regarding urban atmospheric science as a very special case which cannot be addressed reliably by a simple downscaling of larger scale processes.
It is a welcome development that the recent National Academies report on Tropospheric Chemistry 25 gives an acknowledgement of the importance of urban processes, but unfortunately it fails to give adequate emphasis to the special character of urban processes.
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